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Magnetism of the binary intermetallic compound MnGa4 is re-investigated. Band-structure calcu-
lations predict antiferromagnetic behavior in contrast to Pauli paramagnetism reported previously.
Magnetic susceptibility measurements on single crystals indeed reveal an antiferromagnetic transi-
tion at TN = 393K. Neutron powder diffraction and
69,71Ga nuclear quadrupole resonance spec-
troscopy show collinear antiferromagnetic order with magnetic moments alligned along the [111]
direction of the cubic unit cell. The magnetic moment of 0.80(3) µB at 1.5K extracted from the
neutron data is in good agreement with the band-structure results.
PACS numbers: 71.20.Lp, 75.10.Lp, 75.50.Ee, 76.60.Gv
I. INTRODUCTION
Despite their simple chemical compositions, binary
compounds of 3d transition metals and p-elements show
intricate physics. Experimental and theoretical reports
on their magnetic and transport properties are often con-
tradictory, as in the case of FeGa3. The latter serves as
a rare example of an intermetallic compound showing
semiconducting rather than conventional metallic behav-
ior. The formation of the narrow band gap at the Fermi
level could be due to the hybridization of valence orbitals,
or due to strong electronic correlations of Mott-Hubbard
type.
In FeGa3, electrical resistivity and Hall effect mea-
surements reveal the semiconducting behavior with the
band gap of 0.5 eV [1]. Local-density (LDA) band-
structure calculations arrive at the band gap of 0.3 −
0.5 eV too, suggesting a minor role of electronic cor-
relations [2, 3]. Moreover, the nonmagnetic behavior
anticipated in this case is confirmed by the negative
and almost temperature-independent magnetic suscepti-
bility [1] and by the absence of the Zeeman splitting in
room-temperature 57Fe Mo¨ssbauer spectra [4]. This way,
the nonmagnetic and semiconducting behavior predicted
by LDA seemed to be confirmed experimentally. How-
ever, Yin et al. [5] conjectured that the Fe atoms may
be magnetic within the semiconducting ground state.
By introducing Coulomb correlations in a mean-field
approach, they obtained Fe-Fe dimers with antiparallel
spins, and the band gap that still conformed to the one
observed experimentally. In agreement with these predic-
tions, recent neutron powder diffraction experiments re-
vealed a complex (and hitherto unresolved) antiferromag-
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netic structure of FeGa3 that even persists above room
temperature [6].
Another example comes from the MnB4 compound,
where chains of Mn atoms feature alternating distances,
such that Mn-Mn dimers are formed. Uncorrelated
band-structure calculations interpret this dimerization
as Peierls distortion accompanied by the formation of
a pseudo gap at the Fermi energy [7]. Therefore, MnB4
should be semiconducting and nonmagnetic, but, simi-
lar to FeGa3, electronic correlations can stabilize mag-
netism in this compound too. Signatures of cooperative
magnetism were indeed observed [8], although not con-
firmed in independent studies [9, 10]. A unified view on
the ground state of MnB4 may involve the competition
between Peierls and Stoner mechanisms in avoiding the
electronic instability caused by equidistant Mn atoms in
the chains [11].
Given the strong sample dependence of thermody-
namic and transport properties, a combination of bulk
measurements and local probes is essential to determine
the correct ground state of binary intermetallics. Here,
we focus on another member of this family, MnGa4,
and challenge the existing non-magnetic scenario [12]
that was solely based on thermodynamic measurements.
Using neutron diffraction and nuclear quadrupole reso-
nance (NQR) spectroscopy, we establish that MnGa4 is
in fact magnetically ordered, but, in contrast to FeGa3
and MnB4, correlation effects are not involved, as the
magnetically ordered state can be obtained within LDA.
MnGa4 and its Cr-based analog CrGa4 crystallize in
the PtHg4-type, which is a defect variant of the CsCl
structure [12]. MnGa8 cubes form the I -centered cubic
arrangement, in which 1/4 of Mn atoms and 3/4 of va-
cancies are fully ordered within the unit cell (Figure 1).
In CrGa4, the hybridization of Cr 3d and Ga 4s and 4p
states opens a pseudogap at the Fermi energy. In the case
of MnGa4, the Fermi level is shifted to the conduction
band, and the metallic ground state ensues [12]. Previ-
2FIG. 1. MnGa4 crystal structure with Mn atoms shown in
black and Ga atoms shown in green. The unit cell is shown
by the red lines. VESTA software [13] was used for crystal
structure visualization.
ous thermodynamic and transport measurements identi-
fied CrGa4 as a diamagnetic bad metal, whereas Pauli
paramagnetism and metallic conductivity were observed
in MnGa4 [12]. In this study, we carry out a detailed in-
vestigation of MnGa4 using high-quality single crystals,
and unexpectedly find this compound to be antiferro-
magnetically ordered. We juxtapose our findings with
the results of neutron diffraction, NQR measurements,
and LDA calculations.
II. EXPERIMENTAL DETAILS
Crystals of MnGa4 were grown from the high-
temperature Ga flux. The mixture of Mn (5N, pieces,
99.999%) and Ga (5N, pieces, 99.999%) with the molar
ratio νMn : νGa = 1 : 10 was loaded into a quartz am-
pule, which was then evacuated to the residual pressure of
≈ 1×10−2 torr and sealed. The ampule was annealed in a
programmable furnace at 800 ◦C for 2 days, slowly cooled
at the rate of 4 ◦C/h to 300 ◦C, and then cooled to room
temperature in the shut-off regime. The excess of gallium
metal was removed by centrifugation in an EBA 280 cen-
trifuge (Hettich) at 40 ◦C. The obtained submillimeter-
size crystals were further cleaned mechanically to remove
traces of gallium. The bulk polycrystalline sample of
MnGa4 for neutron powder diffraction was prepared by
annealling the stoichiometric mixture of Mn and Ga in an
evacuated quartz ampule. The synthetic conditions were
chosen on the basis of the reported phase diagram [14].
The ampule was heated in a programmable furnace to
900 ◦C, annealed at this temperature for 4 days to en-
sure homogeneity of the mixture, cooled at the rate of
20 ◦C/h to 380 ◦C, and annealed at 380 ◦C for 10 days.
Then, the sample was thoroughly ground and annealed
at 380 ◦C for another 10 days.
Crystals of MnGa4 were crushed by grinding. The re-
sulting powder was mixed with Si (powder, 5N, 99.999%)
used as internal standard and analyzed on a Bruker D8
Advance powder diffractometer [Cu source, Ge (111)
monochromator, λ = 1.540598 A˚]. The Rietveld re-
finement of the crystal structure was performed in the
JANA2006 program [15].
Density-functional (DFT) band-structure calculations
were performed using the FPLO code [16] (version 14.00-
47). LDA version of the exchange-correlation poten-
tial [17] was used in the scalar-relativistic regime. k -
space integration was performed by an improved tetra-
hedron method [18] on a grid of 16 × 16 × 16 k -
points in both spin-restricted and spin-polarized calcu-
lations. Crystal orbital Hamilton population [19, 20]
(COHP) curves were calculated in the LOBSTER pro-
gram (version 2.2.1) [21, 22] using the band structure
from VASP [23, 24].
Magnetization of MnGa4 was measured on crystals,
which were cleaned from traces of gallium metal mechan-
ically rather than by the treatment with diluted HCl,
thus preventing the formation of paramagnetic centers
on the surface. For magnetization measurements, several
crystals were glued together and measured as a polycrys-
talline sample. The data were collected using the Mag-
netic Properties Measurement System (MPMS, Quantum
Design) at temperatures between 2K and 300K in mag-
netic fields of 0.1T, 0.5T and 5T. Measurements in the
temperature range between 300K and 700K were per-
formed using the VSM Oven Setup of a Physical Proper-
ties Measurement System (PPMS, Quantum Design) in
2T and 5T magnetic fields. Heat capacity was measured
on several crystals glued together using a relaxation-type
calorimeter (Heat Capacity option of PPMS) at temper-
atures between 1.8K and 50K in zero magnetic field.
For resistivity measurements, a rectangular-shaped pel-
let with the dimensions of 0.8×0.3×0.2cm3 was pressed
from powder at external pressure of 100bar. The rel-
ative density of 80% was achieved. Cu wires with a
diameter of 80µm were fixed on the pellet by harden-
ing the silver-containing epoxy resin (Epotek H20E) at
100 ◦C. Resistance was measured by the standard four-
probe technique in the temperature range 2–400K in zero
magnetic field using the Resistivity option of PPMS.
Neutron powder diffraction (NPD) data were collected
with the DMC diffractometer (λ = 4.5 A˚) at 1.5K
and 300K in the He cryostat, and with the HRPT
diffractometer (λ = 1.886 A˚) at temperatures between
300K and 573K in the Nb high-vacuum oven at the
Swiss spallation neutron source [SINQ, Paul Scherrer
Institute (PSI), Villigen, Switzerland]. Rietveld refine-
ments against the NPD data were performed with the
JANA2006 program[15].
The 69,71Ga nuclear quadrupole resonance (NQR)
measurements were performed at 4.2K using a home-
built phase-coherent pulsed NMR/NQR spectrometer.
3FIG. 2. Experimental (black points) and calculated (red line)
PXRD patterns of MnGa4. Peak positions are given by black
ticks; the difference plot is shown as the black line in the bot-
tom part. Peaks of the Si standard are marked with asterisks.
The 69,71Ga NQR spectra were measured using the
frequency-step point-by-point spin-echo technique. At
each frequency point, the area under the spin-echo pro-
file was integrated in the time domain and averaged by
a number of acquisitions.
III. RESULTS AND DISCUSSION
A. Synthesis and crystal structure
As gallium-rich compound, MnGa4 can be grown from
the high-temperature Ga flux. The synthesis yields small
silvery-gray crystals of 0.1–1mm size. Powder x-ray
diffraction (PXRD) confirms the formation of MnGa4 as
a single-phase product (Fig. 2). According to the Ri-
etveld refinement against the PXRD data, MnGa4 crys-
tallizes in the PtHg4 structure type, space group Im-3m
(No. 229) with a = 5.59618(6) A˚ at room temperature.
The crystal structure contains two crystallographic posi-
tions: Mn1 (0; 0; 0) and Ga1 (1/4; 1/4; 1/4). The refine-
ment of site occupancies leads to the values of 0.997(7)
and 1.003(7) for the Mn1 and Ga1 positions, respectively,
thus confirming that the compound is stoichiometric.
B. Thermodynamic and transport properties
The previous study reported MnGa4 as Pauli para-
magnetic metal with the temperature-independent mag-
netic susceptibility. No low-temperature anomalies were
observed [12]. However, already the first magnetic sus-
ceptibility measurement in the temperature range of 2–
300K (inset in Fig. 3) revealed that χ(T ) is temperature-
dependent. It shows an upturn at low temperatures as
well as a slight increase around room temperature. The
upturn below 75K is most likely due to paramagnetic
impuritites, such as small amounts of defects in the real
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FIG. 3. Magnetic susceptibility χ(T ) of MnGa4 measured
in the µ0H = 5T magnetic field. The inset shows the data
below room temperature.
structure of MnGa4. On the other hand, the observed in-
crease of χ(T ) above 100K is incompatible with the puta-
tive Pauli paramagnetism. Indeed, measurements above
room temperature reveal an antiferromagnetic transition
at TN = 393K. Above TN , χ(T ) decreases with increas-
ing temperature, but does not follow the Curie-Weiss law
up to at least 650K, whereas at 670K the decomposi-
tion of MnGa4 occurs according to the reported phase
diagram [14]. Thus, magnetic susceptibility measure-
ments suggest that MnGa4 is antiferromagnetically or-
dered with the sizable Neel temperature of 393K. The
high value of TN apparently concealed the antiferromag-
netic nature of MnGa4 in the previous study, where only
measurements up to 300K were reported [12].
The temperature-dependent resistivity and heat capac-
ity of MnGa4 are presented in Figure 4. Resistivity of
MnGa4 increases almost linearly with increasing temper-
ature indicating good metallic conductivity in agreement
with the previous report [12]. The observed small resid-
ual resistivity ratio (RRR) of 6.5 is probably due to the
small relative density of the pressed pellet, which is 80%
of the theoretical value.
The temperature-dependent heat capacity of MnGa4
is reminiscent of metallic systems. Below 15K, it shows
the ∝ T 3 behavior due to lattice phonons, whereas below
4K the linear behavior driven by conduction electrons be-
comes prominent. The low-temperature part was fitted
using the equation cp/T = γ + βT
2, where γ is the Som-
merfield coefficient, and β stands for the contribution of
lattice phonons. The fit yields γ = 9.15(9)mJmol−1K−2
and β = 0.165(4)mJmol−1K−4, which is equivalent to
the Debye temperature of Θ = 389K.
Altogether, we confirm the metallic behavior of
MnGa4, but additionally find that this compound should
be antiferromagnetically ordered below TN = 393K.
Other examples of antiferromagnetic intermetallic com-
pounds include marcasite-type CrSb2, a narrow-gap
41 10
0.01
0.1
1
10
c p
 (J
 m
ol
-1
 K
-1
)
T (K)
0H = 0 T
cp/T =  + T
 2
cp  T
cp  T
 3
0 100 200 300 400
2.0x10-5
4.0x10-5
6.0x10-5
8.0x10-5
1.0x10-4
 (
 m
)
T (K)
0H = 0 T
RRR = 6.5
0 10 20 30 40 50
0.005
0.010
0.015
0.020
c p
/T
 (J
 m
ol
-1
 K
-2
)
T 2 (K2)
FIG. 4. (Top) Resistivity ρ(T ) of MnGa4 measured in zero
magnetic field. (Bottom) Heat capacity cp(T ) of MnGa4 in
zero magnetic field. The inset shows the cp/T vs. T
2 data at
low temperatures.
semiconductor with Eg below 0.1 eV [25] and TN =
273K [26], as well as FeGa3 with its putative incommen-
surate AFM order [6] and persistent AFM correlations in
the metallic Co-doped regime [27]. The tendency to an-
tiferromagnetism in these compounds is due to electronic
correlations and can not be captured on the LDA level.
In contrast, simple metals like elemental Cr and Mn or-
der antiferromagnetically as a result of spin-density-wave
instabilities. In the following, we set out to investigate
whether the antiferromagnetic order in MnGa4 is stable
in LDA.
C. Band structure and chemical bonding
Band structure of MnGa4 was calculated within the
DFT framework. First, spin-unpolarized calculations
were performed, and the dependence of the total energy
on the unit cell parameter was calculated. The Etot(a)
plot displays a minimum at a0 = 5.481(2) A˚. The calcu-
lated band structure at this equilibrium lattice parame-
ter is in agreement with the previous study [12], where
FIG. 5. (Left) LDA band structure of MnGa4. (Right) Den-
sity of states plot calculated for MnGa4. Contributions of the
Mn 3d states and Ga 4p states are shown in red and green
colors, respectively.
strong hybridization between Mn and Ga valence orbitals
was reported. The states between −12 eV and 6 eV are
composed mainly of the Mn 3d, Ga 4s, and Ga 4p con-
tributions. Mixing the Ga 4s and 4p orbitals leads to the
bonding states at the energies of −12 < E−EF < −4 eV
(not shown), whereas high peaks of the density of states
between −3 eV and 1 eV are due to the Mn 3d – Ga 4p
hybridization.
The states adjacent to the Fermi level are shown in
Figure 5. Flat bands are seen at the Fermi energy and
at relative energies between −1.2 eV and −2.4 eV where
both Mn 3d and Ga 4p are present. At the same time,
most of the parabolic bands have solely the Ga 4p charac-
ter. Another feature of the Mn 3d – Ga 4p hybridization
is the formation of a direct pseudogap at the relative
energy of E − EF = −1.2 eV. In the case of isomor-
phous CrGa4, which has 18 valence electrons per for-
mula unit (f.u.), the Fermi level is located directly in
this pseudogap [12]. This situation – the formation of
a pseudogap in the band structure – explains the stabil-
ity of the PtHg4-type intermetallic compounds that are
formed when the number of valence electrons is 18 or
19 per f.u., according to the generalized 18 − n rule[28].
In MnGa4, which has 19 valence electrons per f.u., the
Fermi level is shifted to the conduction band leading to
the metallic behavior. The calculated density of states
at the Fermi energy, N(EF ) = 0.84 st. eV
−1 atom−1,
corresponds to the Sommerfield coefficient of the elec-
tronic specific heat γbare = 9.9mJmol
−1K−2. This value
is in good agreement with the experimental value of
γ = 9.15(9)mJmol−1K−2.
Spin-polarized calculations reveal that the antiferro-
magnetic configuration, where magnetic moments point
along the [111] direction, is energetically favorable in
comparison with the ferromagnetic (FM) and non-
magnetic (NM) configurations. The Etot(a) curve cal-
culated for the AFM case (Fig. 6) yields equilibrium
values of a0 = 5.488(1) A˚ and M0 = 0.92µB. The
calculated magnetic moment Mcalc gradually decreases
with decreasing the unit cell volume, which reflects the
fact that antiferromagnetism of MnGa4 may be sup-
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FIG. 6. (Left axis) Total energy of the antiferromagnetic
(green line) and non-magnetic (black line) configurations of
MnGa4 plotted as Etot(a). (Right axis) Calculated magnetic
moment Mcalc in the Mn1 position as a function of the unit
cell parameter a.
pressed under pressure. At ambient pressure, the pre-
dicted ground state of MnGa4 is metallic and antiferro-
magnetic in agreement with the observed transport and
thermodynamic properties.
Taking into account the itinerant nature of antiferro-
magnetism, chemical bonding analysis was performed us-
ing crystal orbital Hamilton population (COHP) method.
A correlation between the bonding character of the states
in the vicinity of the Fermi energy and the type of
magnetic ordering has been proposed for itinerant sys-
tems [29]. When the states at the Fermi energy have
purely antibonding character in spin-unpolarized calcu-
lations, ferromagnetic behavior ensues, leading to the re-
arrangement of the spin system in the way to leave these
antibonding states empty. Alternatively, typical itinerant
antiferromagnets show non-bonding states in the vicinity
of the Fermi energy, and these states remain almost un-
changed upon introducing spin polarization. Such an ap-
proach has been tested for the magnetic transition metals
Cr, Mn, Fe, Co, and Ni as well as for multinary Fe-Mn
rhodium borides [29].
In the MnGa4 structure (Fig. 1), Mn atoms are con-
nected with Ga atoms by short contacts with d = 2.37 A˚,
while the shortest distances of d = 4.75 A˚ between the
Mn atoms are along the [111] direction. In the bottom
panel of Figure 7, the corresponding COHP curves are
shown. As expected, the short Mn-Ga contacts demon-
strate negative values of −COHP at the Fermi energy
and indicate the antibonding character of these states.
This is rationalized by the fact that the Fermi level is
located deep inside the conduction band formed as a re-
sult of the strong Mn-Ga hybridization. In MnGa4, the
valence and conduction bands are separated by a pseudo-
gap located at E−EF = −1.2 eV. Accordingly, the states
below this pseudogap show bonding character (positive
values of −COHP), while the states above the pseudogap
are antibonding.
The spin-resolved density of states plot calculated for
MnGa4 is shown in the top panel of Figure 7. The spin re-
arrangement occurs solely among the Mn 3d states lead-
ing to the formation of two magnetic subsystems located
on the Mn1 and Mn2 atoms that compensate each other.
As a result of spin polarization, the Mn-Ga states remain
antibonding for the spin-up channel, while they tend to
achieve the nonbonding character in the spin-down chan-
nel. At the same time, the Mn–Mn interactions show the
nonbonding character in spin-unpolarized calculations,
and introducing spin polarization has only minor effect,
in agreement with the formalism proposed for itinerant
systems [29]. The COHP curves reveal that the gain
in the total energy within the antiferromagnetic state is
triggered by the tendency of the Mn-Ga interactions in
the spin-down channel to achieve the nonbonding char-
acter rather than remain antibonding. The interactions
between the Mn atoms remain nonbonding upon intro-
ducing spin polarization and thus may not contribute to
the total energy gain.
D. Magnetic structure
Magnetic structure of MnGa4 was investigated by neu-
tron powder diffraction. The room-temperature NPD
pattern is presented in Figure 8. The refinement shows
that the magnetic and crystal lattices are commensurate,
and ~k = 0. The best fit of the data was achieved for
the model with antiparallel moments on the adjacent Mn
atoms along the [111] direction. The magnetic moment
of M = 0.61(5)µB was obtained at T = 300K. Further,
it was found that the proposed magnetic model correctly
describes the NPD data at all temperatures up to 393K.
The extracted temperature dependence of the magnetic
moment M(T ) is shown in the bottom left panel of Fig-
ure 8. At T = 1.5K, the value of M = 0.80(3)µB was
obtained, which is only slightly smaller than the calcu-
lated (zero-temperature) value of M0 = 0.92µB . The
remaining discrepancy may be due to spin fluctuations
that are missing in LDA. With increasing temperature,
M decreases, and eventually the long-range AFM order-
ing dissappears at TN .
Magnetic structure of MnGa4 was confirmed by
69,71Ga nuclear quadrupole resonance spectroscopy. The
69,71Ga NQR spectrum measured at 4.2K (Figure 9)
shows two sharp signals centered at ν1 = 21.7MHz
and ν2 = 34.4MHz. These two signals can be as-
signed to the 71Ga and 69Ga isotopes of Ga atoms
that occupy one crystallographic position. Indeed, the
intensity ratio of I1/I2 = 0.66 is in good agreement
with the natural abundance of the isotopes, 60.11% of
69Ga and 39.89% of 71Ga. Also, the frequency ra-
tio is equal to the ratio of the nuclear quadrupole mo-
ments, ν1
ν2
= eQ(
71Ga)
eQ(69Ga) , where eQ(
69Ga) = 165.0(8)mb
and eQ(71Ga) = 104.0(8)mb [30]. The signals are sharp
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and feature the Lorentzian shape. This indicates a high
degree of order in the Ga position, in particular, the ab-
sence of uncompensated local magnetic fields on the Ga
nuclei. Therefore, 69,71Ga NQR spectroscopy confirms
the collinear nature of the magnetic structure and cor-
roborates the results of NPD.
IV. CONCLUSIONS
MnGa4 crystallizes in the PtHg4 structure and shows
no deviation from the stoichiometric composition. While
resistivity measurements reveal metallic behavior, mag-
netic susceptibility indicates an AFM transition with the
high Neel temperature of TN = 393K. The collinear
~k = 0 magnetic structure with magnetic moments di-
rected along [111] is revealed by neutron diffraction.
69,71Ga NQR spectroscopy confirms the collinear nature
of the magnetic order and the absence of uncompen-
FIG. 8. (Top) Experimental (black points) and calculated
(red line) NPD patterns of MnGa4 at room temperature.
Peak positions are given by black ticks, and the difference
plot is shown as a black line in the bottom part. (Bottom,
left panel) Magnetic moment M on Mn atoms as a function
of temperature. The dashed line is a guide to the eye. (Bot-
tom, right panel) Magnetic structure of MnGa4 as revealed
by NPD.
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FIG. 9. 69,71Ga NQR spectrum of MnGa4 measured at T =
4.2K.
sated magnetic fields at the Ga site. This magnetic
structure is reproduced by LDA, whereas the calculated
zero-temperature magnetic moment M0 = 0.92µB is
only slightly higher than the experimental moment of
0.80(3)µB at 1.5K. The COHP analysis reveals that the
Mn-Ga interactions are bonding in the valence band and
antibonding in the conduction band. The gain in the to-
tal energy upon spin polarization can be attributed to the
7fact that the Mn-Ga interactions achieve the nonbonding
character in one of the spin channels. Altogether, we es-
tablish MnGa4 as model itinerant antiferromagnet with
the simple collinear magnetic structure that is well de-
scribed within the single-electron approximation of LDA.
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